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Optical excitation bands have been investigated for Er-doped SiO2 films, including Si
nanocrystallites as sensitizers. The Er-doped films with photoluminescence at 1.5 mm were
fabricated using a laser ablation technique. It is found that the major continuous portion of the
excitation bands for Er ions completely coincides with that of Si nanocrystallites at room
temperature. Thus, it has been demonstrated that the second indirect absorption band of Si
nanocrystallites can be used for efficient excitation of Er ions. The photoluminescence spectroscopy
revealed that Er ions are possibly excited from the ground state 4I15/2 to the first excited state 4I13/2
by the energy transfer from the singlet excitons in Si nanocrystallites. © 2003 American Institute
of Physics. @DOI: 10.1063/1.1636247#Er-doped Si crystals emit light at 1.5 mm and can be
applied to optoelectronic devices compatible to Si-based
large scale integrated circuit technology.1–4 However, ther-
mal quenching, observed at room temperature, presents one
of the most crucial problems for applications.5 Nanostructur-
ing has been investigated for the prevention of this thermal
quenching.6–12 In addition, Si nanocrystallites have advan-
tages of ~a! large absorption cross sections
(10216– 10214 cm2, depending on excitation energy!13 com-
pared to Er ions (10221 cm2);14 ~b! continuous absorption
bands;15 ~c! a high concentration of active Er ions (2
31020 cm23)16 compared to those in Si crystals (1.3
31018 cm23);4 and ~d! long-lived excitation source17,18
compared to Er decay time.19 Therefore, Er-doped SiO2
films, including Si nanocrystallites (nc-Si/SiO2) as sensitiz-
ers, can be also applied to compact optical amplifiers at 1.5
mm, pumped by laser diodes or flash lamps.
Many researchers have proposed energy transfer from
optically excited Si nanocrystallites to Er ions.7–12,20,21
Kenyon et al.20 fabricated Si-rich Er-doped silica films and
found that Er luminescence at 1.5 mm is obtained even when
the excitation wavelength is away from characteristic abso-
prtion bands of Er ions. Hence, they proposed an energy
transfer from Si nanocrystallites. Fujii et al. reported that Er
photoluminescence ~PL! increases with Er concentration,
while the PL of Si nanocrystallites decreases.10 Although
they reported excitation efficiencies at wavelengths of Ar1
laser lines, it was difficult to deduce excitation bands. Wu
et al. reported PL excitation ~PLE! spectra of Er ions im-
planted into porous silicon.9 They, however, reported a broad
PLE band without any meaningful structure. Zhao et al. re-
ported PLE spectrum for Er-doped Si nanocrystallites, hav-
ing a size of 10 nm. The nanocrystallites were too large to
have a quantum confinement effect, and direct excitation of
Er ions dominated.21 For practical applications, it is neces-
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Downloaded 24 Dec 2009 to 130.158.56.186. Redistribution subject tsary to investigate optimum excitation bands as well as en-
ergy transfer processes.
Si nanocrystallites have the following characteristic fea-
tures. ~a! PL intensity increases as temperature increases
from cryogenic to room temperature ~RT! at an excited
power density higher than 250 mW/cm2.17 The increase is
explained by thermal activation of excitons in the lowest
triplet state, which is optically inactive, to the luminescent
singlet state.17,22 ~b! Optical absorption occurs via an indirect
transition as observed in indirect semiconductors.15 The fun-
damental absorption gap EG2D is the energy difference be-
tween the G258 point in the valence band and the D1 points in
the conduction band. Above EG2D , the PLE intensity (IPLE)
follows a AIPLE\v}\v2EG2D law, where \v is photon
energy of excitation light. Note that quantum efficiency can
be assumed to be independent of \v. Below the direct gap
energy EG2G , another indirect PLE band is observed. The
indirect gap EG2L is attributed to transition from the G258
point to the L1 points. The bandgaps EG2D , EG2L , and
EG2G shift to higher energies due to the quantum confine-
ment effect, depending on size.
The PL properties of Er ions should be affected by those
of Si nanocrystallites if Er atoms are excited via Si nanoc-
rystallites. For practical applications, photoexcitation beyond
the second gap EG2L will be important because the oscillator
strength is about five times as large as that of the G2582D1
transition.15 In a previous paper, we reported an increase in
Er PL intensity with increasing temperature in Er-doped
nc-Si/SiO2 films fabricated using a laser ablation
technique.12 We proposed that Er atoms are excited via the
luminescent singlet state of Si nanocrystallites.
In the present letter, we have investigated the optical
excitation, via Si nanocrystallites, of Er ions doped in
nc-Si/SiO2 films. We fabricated the Er-doped nc-Si/SiO2
films using a laser ablation technique, and performed PL
spectroscopy and PLE spectroscopy for both Er ions and Si
nanocrystallites. We report optical excitation bands of the
Er-doped films in a region which includes the G2582L1 tran-
sition region. Furthermore, we have investigated the energy2 © 2003 American Institute of Physics
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of Si nanocrystallites. The detailed excitation path is sug-
gested by PL spectra taken under excitation at photon ener-
gies, both at resonance and off-resonance with the direct ex-
citation of Er ions.
An Er-doped SiO2 film with precipitated Si nanocrystal-
lites was fabricated using a laser ablation technique.12 First,
to deposit an Er thin film on a Si substrate, an Er metal target
was laser ablated in a vacuum chamber by 1200 shots of 532
nm Nd:YAG laser light with a pulse duration of 7 ns at ;100
J/cm2. Next, the Si target, covered with the Er thin film, was
laser ablated in O2 gas at 40 mTorr to deposit an Er-
dispersed SiOx (SiOx :Er) film. Finally, the SiOx :Er film was
annealed at 900 °C in an Ar gas flow for 30 min. to precipi-
tate Si nanocrystallites in a SiO2 film. The precipitation was
confirmed using a transmission electron microscope. Wu
et al. also reported the precipitation by annealing at tempera-
tures of 600–1000 °C.23 For comparison, an Er-doped SiO2
film without Si nanocrystallites was similarly prepared, but
in O2 gas at 150 mTorr. The composition of SiOx :Er films
was measured using Rutherford backscattering spectroscopy.
The PL of Er ions and Si nanocrystallites was observed
under photoexcitation with either ~a! optical parametric os-
cillator ~OPO! light with a pulse duration of 7 ns at a repeti-
tion rate of 10 Hz or ~b! cw He-Cd laser light at 325 nm. The
PL in the near-infrared region was detected using an InGaAs
photodiode ~Hamamatsu, G8605-25!, and amplified using an
operation amplifier ~Analog Devices, AD549!. The visible
PL was detected using a Si photodiode array.
Figure 1 shows PL spectra of a nc-Si/SiO2 film with an
Er concentration of 531020 cm23, in the near-infrared re-
gion ~a! and in the visible region ~b! and ~c!. Each spectrum
is normalized to its maximum intensity. Spectrum ~a! was
recorded at RT under photoexcitation using a He-Cd laser at
2.4 mW/cm2. The peak energy of 0.809 eV and the spectral
shape are characteristic of the intra-4 f transitions of Er ions
from the first excited state 4I13/2 to the ground state 4I15/2 .
Spectra ~b! and ~c! were recorded under photoexcitation by
OPO light, detuned ~at 2.48 eV! and tuned to Er direct exci-
tation from the ground state 4I15/2 to the excited state 2H11/2
~at 2.39 eV!, respectively, at ;25 W/cm2 at 6 K. The peak
energy and the bandwidth are characteristic of Si nanocrys-
tallites. The size of the Si nanocrystallites prepared in 40
mTorr O2 gas is estimated to be 3 nm by the PL peak
energy.18 It is remarkable that Er intra-4 f transitions of
4I9/224I15/2 at 1.46 eV and 4I11/224I15/2 at 1.27 eV were
FIG. 1. PL spectra of ~a! Er ions, and ~b! and ~c! Si nanocrystallites. The
spectra ~b! and ~c! were measured under photoexcitation at 2.48 and 2.39
eV, respectively.Downloaded 24 Dec 2009 to 130.158.56.186. Redistribution subject tobserved for photoexcitation only by OPO light tuned to the
resonant excitation at 2.39 eV.
Figure 2 shows PLE spectra of SiO2 films with an Er
concentration of 531020 cm23 ~a! with and ~b! without Si
nanocrystallites. The spectra were recorded at RT by moni-
toring Er PL intensity at 0.809 eV under photoexcitation by
OPO light at ;10 mW/cm2. For both films, narrow excita-
tion bands were observed, as indicated by the markers, al-
though not all of them are identified. The narrow bands cor-
respond to direct excitations of the 4 f system of Er ions in
the ground state 4I15/2 . In the Er-doped SiO2 film, only the
direct excitation bands of Er ions were observed. In addition,
continuous bands were observed for the Er-doped nc-Si/SiO2
film, as indicated by the straight lines ~c! and ~d!.
The open circles in Fig. 2 show a PLE spectrum of Si
nanocrystallites monitored at 1.6 eV. The PLE intensity is
normalized so that correlation with the Er PLE is clearly
seen. The normalization coefficient includes a ratio of opti-
cally active Er ions to Si nanocrystallites as well as each
quantum efficiency. As indicated by straight lines ~c! and ~d!,
the continuous part follows the indirect transition laws
AIPLE3\v}\v2EG2D and AIPLE3\v}\v2EG2L , re-
spectively. The obtained gaps EG2D51.86 eV and
EG2L52.46 eV are in good agreement with reported gaps for
a detection energy of 1.6 eV.15
We found that the continuous PLE bands of Er ions are
completely identical to those of Si nanocrystallites. There-
fore, it is evident that Er ions are excited via excitons in the
luminescent singlet states in Si nanocrystallites. It should be
emphasized that Er ions are efficiently excited via Si nanoc-
rystallites by light with a photon energy beyond the G258
2L1 gap.
Figure 3 shows PL intensity of ~1! Er ions at 0.809 eV
(IEr) and ~3! Si nanocrystallites at 1.55 eV (ISi) at RT as a
function of Er concentration. The PL measurements were
performed at RT under photoexcitation by He-Cd laser light
at ;300 mW/cm2. PL intensity of Si nanocrystallites is nor-
malized using a fitting parameter k . With increasing Er con-
centration, Er PL intensity increases, while PL intensity of Si
nanocrystallites decreases in an inverse correlation. Total PL
intensity (5IEr1kISi), shown by circles ~s!, is constant at
Er concentrations up to 1.531021 cm23. Note that the con-
FIG. 2. PL excitation spectra of Si nanocrystallites ~open circles! and Er
ions doped in SiO2 films ~a! with and ~b! without Si nanocrystallites.
Straight lines ~c! and ~d! indicate G2582D1 and G2582L1 absorption, respec-
tively, in Si nanocrystallites.o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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is valid, even though we include the parameter k . The in-
verse correlation in Fig. 3 further confirms the energy trans-
fer via the luminescent singlet state of excitons in Si nanoc-
rystallites to the Er ions.
As proposed by Kik et al.,24 the obtained results are ex-
plained consistently, assuming that Si nanocrystallites con-
nected to Er ions exhibit no visible PL because exciton en-
ergy is transfered to Er ions, while Si nanocrystallites not
connected to Er ions exhibit visible PL.
The detailed excitation path is suggested by the differ-
ence between spectra ~b! and ~c! in Fig. 1. The photoexcita-
tion at 2.39 eV ~resonance! partially causes direct excitation
of Er ions from the ground state 4I15/2 to the excited state
4H11/2 . During de-excitation processes, light emission from
the lower excited states 4I9/2 and 4I11/2 was observed. In con-
trast, neither 4I9/224I15/2 nor 4I11/224I15/2 transitions were
observed under photoexcitation at 2.48 eV ~off-resonance!.
These results rule out the energy transfer to the 4I9/2 or 4I11/2
state. Otherwise, light emission initiated from these states
would be observed. Therefore, it is possible that Er ions are
excited to the first excited state 4I13/2 by energy transfer from
the excitons in Si nanocrystallites. The Er light emission at
1.27 eV is more intense in films annealed at higher tempera-
tures such as 1000 and 1100 °C. The result suggests that the
energy transfer is governed by configurations such as ~a!
atoms neighboring Er ions and ~b! the distance between Er
ions and Si nanocrystallites.
Recently, Watanabe et al. reported dips in PL spectra of
Si nanocrystallites.11 They argued that the dips correspond to
resonant excitation from Si nanocrystallites to the second or
the third excited states in Er ions. If the resonant excitation
dominated in our samples, PL spectra in the inset in Fig. 3
would be much deformed by the dips. However, we could
not find any change in the shape, but rather in the integrated
intensity of the spectra by Er doping. Consequently, we pro-
pose that dominant energy transfer occurs from the excitons
in Si nanocrystallites to the 4I13/2 state.
In conclusion, we have investigated optical excitation of
Er ions doped in SiO2 films, including precipitated Si nanoc-
FIG. 3. PL intensity of Si nanocrystallites ~3! and Er ions ~1! as a function
of Er shot number. The total intensity ~s! is constant up to 4500 shots. The
lines are guides to the eye. The inset shows PL spectra of Si nanocrystallites
for Er-doped nc-Si/SiO2 films with Er shot number of ~a! 200 shots, ~b!
1500 shots, and ~c! 3000 shots.Downloaded 24 Dec 2009 to 130.158.56.186. Redistribution subject trystallites as sensitizers. The Er-doped films were fabricated
by thermal annealing of Er-dispersed SiOx films that were
deposited by laser ablation of Si targets, covered with Er thin
films, in O2 gas. We found that PLE spectra of Er ions
probed at 1.5 mm completely coincide with those of Si
nanocrystallites at RT. In addition, PL intensity of Er ions is
inversely correlated with that of Si nanocrystallites. Thus, it
is evident that Er ions are excited via photogenerated singlet
excitons in Si nanocrystallites. PL spectra suggests that Er
ions are excited from the ground state 4I15/2 to the first ex-
cited state 4I13/2 . It is claimed that the Er-doped films can be
efficiently excited by light with photon energy beyond the
second indirect gap of Si nanocrystallites at 2.7 eV.
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